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ABSTRACT

Life evolved in an acoustic world. Sound is perceived in different ways by the species that inhabit the
Planet. Among organisms, also some algal species seem to respond to sound stimuli with increased cell
growth and productivity. The purpose of this Short Communication is to provide an overview of the
current literature about various organisms and sound, with particular attention to algal organisms, which,
when subjected to sound applications, can change their metabolism accordingly.

Sound: definition and propagation

Sound is a vibration that propagates in the form of a sound
wave through a medium that can be a liquid as water, a gas as
air or a solid material.""> Sound waves are generated by a sound
source that creates vibrations in the surrounding medium.
While the sound source continues to vibrate the medium,
vibrations propagate far from the source at the speed of
sound, forming the sound wave.

Sound is transmitted through water and air with longitudi-
nal waves, through solids with longitudinal and transverse
waves. In longitudinal waves particles oscillate along the direc-
tion of propagation, while in transversal ones the direction of
particles oscillation is at right angle to the direction of
propagation.

Sound waves are characterized by frequency (Hz), intensity
(dB) and timbre, which at the same frequency distinguishes one
sound from another. The speed of propagation of sound depends
on the characteristics of the medium; in particular, it is directly
proportional to elasticity and inversely proportional to density."

The frequency bands of naturally audible sound are divided
into:’

low-frequency bands, from 20 Hz to 200 Hz;
medium-low frequency bands, from 200 Hz to 1 kHz;
medium-high frequency bands from 1 kHz to 5 kHz;
high-frequency bands from 5 kHz to 20 kHz.

For frequencies lower than 20 Hz we talk of infrasounds, for
those higher than 20 kHz of ultrasound. The sound volume is
measured in decibels (dB), perceived in a specific way by our
hearing. See below in Table 1 some examples.

The behavior of sound propagation is generally influenced
by three factors. The first is the relationship between the
density and the pressure of the medium, which is influenced
by temperature and determines the speed of sound within the
medium. The second is the motion of the medium: if the
medium is moving, this movement may increase or decrease
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the absolute speed of the sound wave depending on the direc-
tion of the movement. The third factor is the viscosity: the
average viscosity determines the speed at which the sound is
attenuated, but for water or air the attenuation due to viscosity
is negligible. In addition, during propagation, waves may be
reflected, refracted, or attenuated by the medium.”

When sound propagates in air, high frequencies are
absorbed more than low because of the molecular relaxation
phenomenon, and the amount of absorption depends on the
temperature and humidity of the atmosphere. Precipitation,
rain, snow, or fog has an insignificant effect on sound levels
although the presence of precipitation will obviously affect the
humidity and may affect wind and temperature gradients.*

Furthermore, scattering occurs when sound waves propa-
gates through atmosphere and meet a region of inhomogeneity;
therefore, some of their energy is redirected into many other
directions. In environmental noise, air turbulence, rough sur-
faces, and obstacles such as trees may cause scattering.’

When sound is propagated in water, a distinction must be
made between deep water and shallow water. In deep water, the
main natural sources of noise arise from waves generated by
tidal and wind cycles, seismic disturbances such as earthquakes
and volcanism, lightning, rain, ocean turbulence, and marine
mammals. In shallow waters, the main natural sources of noise
arise from waves hitting the shore, local wind, rain, and biolo-
gical sounds such as shrimp and marine mammals.
Furthermore, account should be taken of anthropogenic
noise, such as ship noise, particularly commercial ships,
which in recent centuries has increased ambient noise levels
at frequencies below 1 kHz. Rain noise is fairly constant on all
frequencies, while wind noise is one of the predominant nat-
ural factors influencing low-frequency ambient noise levels."

Sound perception in humans, animals and plants

In human physiology and psychology, the sound is the recep-
tion of sound waves and their perception by the brain. Only
waves with frequencies between about 20 Hz (infrasound) and
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Table 1. Correlation between sound volume and human perception (modified
from http://salfordacoustics.co.uk/sound-waves/waves-transverse-introduction
/decibel-scale).

Sound dB Human perception
Rocket to take off 180-200 Instant damage to hearing
Engine of a plane to take off 140 Painful

Pneumatic hammer 100 Very annoying

High music 90 Very annoying

Heavy traffic 80 Annoying

Normal conversation 60 Moderate

Whisper 20 Tenue

Rustle of leaves 10 Very soft

20 kHz (ultrasound), the range of audio frequencies, arouse an
auditory perception in humans. In air at atmospheric pressure,
they represent sound waves with wavelengths from 17 m (56
feet) to 1.7 cm (0.67 inches). Different animal species have
different auditory ranges.®”® For example, ultrasounds are per-
ceived by some animal species such as dolphins and bats, while
infrasounds are perceived by elephants, fish, and cetaceans.

Many species such as frogs, birds, marine and terrestrial mam-
mals, have also developed special organs to produce and receive
sounds, and they can detect the sound pressure and the vibration
of the particles associated with sound with specific organs (i.e.
ears) or with the totality of the body surface (somatic hearing).'>""

Plants communicate both by sending volatile chemical signals
and through the network of fungi that intersects their roots.'*
Volatile compounds mediate the interaction of plants with polli-
nators, other plants, and microorganisms.> There is not much
knowledge about sound communication in plants, but it is known
that these can produce sound waves at relatively low frequencies
such as 50-120 Hz. Plants emit also ultrasonic vibrations of
20-100 kHz, measured by connecting a sensor directly to the
stem of the plant.'* Plants release sound emissions from different
organs and at different growth stages or in response to different
situations. Through the use of small highly sensitive sound recei-
vers, it has been shown that plants emit sound from the xylem '’
and faint ultrasound in case of stress."® Plants can hear caterpillar’s
chewing and set up the appropriate defenses'” but they can also
hear the moving close of a pollinator using flowers as “ears” and
responding with minutes by sweetening the nectar.'®

From several years it has been demonstrated how plants can
absorb and resonate specific sound frequencies'” and how sound
waves can change the cell cycle of the plant. Sound waves vibrate
plant leaves accelerating protoplasmic movement in cells.*® Tt is
not yet entirely clear the mechanism by which sound intervenes in
the growth of plants, although the biological effects of sound have
been previously studied. A study found that some stress-induced
genes could be activated at the level of transcription under sound
stimulation.”! The stimulation of sound waves could also increase
the plant plasma-membrane H" ATPase activity, the contents of
soluble sugars, soluble proteins, and amylase activity of callus.”>**
Sound vibrations can influence the rearrangement of microfila-
ments, increase levels of polyamines and soluble sugars, change the
activity of various proteins and regulate the transcription of certain
genes.24’26

Recent studies show that plant organisms perceive sound as
a mechanical stimulus and translate it into cellular and metabolic
changes. Sound stimuli can influence germination rates and
increase plant growth and development, improving the yield of

some crops.'**>*”*® Furthermore, sound waves can improve plant
immunity against pathogens and can also increase their tolerance
to drought.*>* The sound exposure increases the absorption
efficiency of the light energy which translates into greater
photosynthetic*’ Plants can recognize the mating sounds of insect
larvae and the humming of a pollinating bee and respond
accordingly.’"**

Macroalgae and microalgae

Algae are a heterogeneous group of photosynthetic organisms
living in an aquatic environment. classified into two large groups:
macroalgae or seaweed, macroscopic, and microalgae, micro-
scopic, and unicellular.”

Both have important ecological roles in carbon and nutrient
cycling, as oxygen producers, as well as food base for almost all
aquatic life, but they are also economically important as
a source of food and a range of industrial products for humans.

Sound perception in macroalgae and microalgae

Algae interact through sending and receiving chemical signals
with individuals of their own species and other species.”*
Conspecific interactions are mediated by pheromones, while inter-
specific communication involves allelochemicals. Allelochemical
interactions may play a role during competition through the
production of compounds that suppress other species or may
involve mutual relationships in which the release of metabolites
promotes the growth of other species. Natural algae products can
also act as a defense mechanism against herbivores or mediate
interaction with associated microorganisms or pathogens.” There
is not much knowledge about other forms of communication
between algae organisms, and the perception of sound in micro-
algae is an almost unexplored phenomenon.

In a study from 2018, it was observed that seaweed produces
sound during photosynthesis. Biological noise results from the
formation and consequent release of oxygen from algal filaments.
During the release, the oxygen bubble assumes a spherical shape
creating a monopolar sound source that is distributed by reso-
nance over the seabed. This phenomenon, ubiquitous but pre-
viously neglected, is useful for the quantification of algae both in
the ecosystem and at the level of raw materials for industrial
production. The results show that algae are able to produce
sound under normal circumstances and that sound is produced
in the 2 to 20 kHz band.*

The transmission of the mechanical sound stimulus in algal
cells involves changes at the cellular level. Some authors state
that the possible cause of the alteration of the cellular reso-
nance frequency could be the change of the viscosity character-
istics in the fluid inside the cell.””

Cells respond to sound as to mechanical stresses, such as shear
stress, changes in plasma-membrane tension, hydrostatic pressure,
compression with changes in membrane traffic. The plasma mem-
brane has an associated tension that modulates both exocytosis
and endocytosis. As membrane tension increases, exocytosis is
stimulated, and endocytosis is slowed down. The decrease in
membrane tension stimulates internalization, thereby slowing
exocytosis. Secretion is stimulated by external mechanical stresses,
although in some cells mechanical forces block secretion.
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Transduction of mechanical stimuli in changes in exocytosis and
endocytosis may involve the cytoskeleton, stretch-activated chan-
nels, integrins, phospholipases, tyrosine kinase, and cAMP*®
(Figure 1).

Furthermore, cells respond to external stresses by changing
a number of factors including cell division, dimensional
growth, signal transduction, gene expression, and membrane
ion channel activation.”*’ Mechano-sensitive ion channels
(MS) are membrane proteins that have the ability to open
and close as a result of mechanical forces resulting from grav-
ity, osmotic pressure, and sound. When the ionic channels are
in their open state, in response to mechanical forces, they allow
the passage of ions, especially Ca®* and K, through the mem-
brane, in order to originate an ionic current that can become
an electrical or chemical signal (mechatronics). The membrane
tension generated can be transmitted directly into the channel
through the lipid double layer or merge indirectly to other
cellular components.*'

Applications of sound in macroalgae and microalgae

To date, there are few application reports regarding the use of
sound to promote the growth and productivity of algal
organisms.

A study from 2012 involved the microalga Chlorella pyrenoi-
dosa: the effects of sound waves on algae propagation were eval-
uated, in search of the optimal frequency for the promotion of
growth. C. pyrenoidosa was cultivated for 7 days: several sound
frequencies were tested, collecting growth rate data and comparing
them with control groups. The experiments showed that the
growth of C. pyrenoidosa was significantly improved when the
microalga was exposed to 0,4 kHz frequency sound waves, with an
increase in growth between 12% and 30% compared to control
groups.*?

In another study, it was reported that the growth stimulus of
the microalga Picochlorum oklahomensis was higher during the
exposure to 2,2 kHz sound frequency.*’ Tests were performed
at 1,1, 2,2, and 3,3 kHz frequencies. The study highlights as the
daily increase in growth rate is major in the exponential phase
of microalgae growth. Moreover, cultures exposed to sound
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Figure 1. Algal communication. Besides a) pherormones (conspecific interactions)
and allelochemicals (interspecific communication), algae can also indirectly pro-
duce sound by oxygen bubbles naturally evolving during the process of photo-
synthesis (b). The presence of mechano-sensitive proteins in the plasma
membrane can mediate a sound response influencing changes in hydrostatic
pressure, in plasma-membrane tension, and therefore in membrane traffic.
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waves took 26 days compared to 30 days in control groups to
reach the steady-state growth. The study demonstrates that
audible natural sounds improve algal biomass production,
considering that 2,2 kHz frequency is the predominant com-
ponent of most of the sounds we can find in nature. This could
be the fundament for the improvement of algal cultures
through the use of sound waves in closed cultivation systems
such as bioreactors. This research not only evaluates the bio-
mass productivity, but also the lipid yields, proving that sound
waves stimulate both microalgae growth and synthesis of valu-
able cell product of biotechnological interest.

In 2013 it was created a method called “Microbial Bebop.”
This method consists in the creation of music using environ-
mental data, starting from observation of natural patterns and
taking inspiration from some bebop jazz principles.** The
method uses beat, pitch, duration, and harmony to highlight
relationships between multiple data types in complex biologi-
cal data sets. With this data collection, derived from the envir-
onmental monitoring station L4 in the Western English
Channel, four compositions were generated. Each composition
is derived from the same dataset and highlights the relation-
ships between environmental factors and structure of the
microbial community, considering different aspects of the eco-
logical interactions of the microbial communities. The compo-
sitions created by specific algorithms are “Blues for Elle,”
“Bloom,” “Far and Wide” and “Fifty Degrees North, Four
Degrees West”. This kind of approach can be applied to
a wide range of complex biological data sets. In recent years
it was studied the effect of “Blues for Elle” and “Far and Wide”
for inducing growth and productivity in microalga
Haematococcus pluvialis .*> The experiment was conducted
by exposing the microalga culture at audible sound for 8 and
22 days with an intensity of 60 dB. The results showed an
increment in the growth rate of 58% respect to the control
without music exposition. The coding in musical synthesis of
the ecological data could be exploited for the induction of
ecosystems to reproduction and to the synthesis of cellular
components of important biotechnological relevance.

It has been confirmed that algae exposed to sound taken as
a single frequency/intensity or as a set of different frequencies/
intensities respond with an increase in growth rate*>*>* but also
with an increase in cellular productivity.*’ As in other organisms,
the time of exposure to sound should also be considered in algae.
In addition, being algae aquatic organisms, it is necessary to
consider the aqueous medium in which sound is propagated.

In the case of the Chlorella pyrenoidosa microalgae, an
improvement in growth was observed at 0.4 kHz, ** while
frequencies of 10 and 15 kHz, even if increases the photosyn-
thetic pigments biosynthesis, have a general biomass reducing
effect in C. Vulgaris.46 Still, irradiation with 5, 10, 15, and
20 kHz frequencies in the same microalgae increases the synth-
esis of triacylglycerols, suggesting the usefulness of a deeper
investigation with the aim of biodiesel production.

In Picochlorum oklahomensis the improvement of the growth
has been evidenced with an exposure to 41 kHz at 90 dB, to which
an increment of the lipidic yield has been placed side by side.*” In
the study with the microalga, Haematococcus pluvialis was mea-
sured that the compositions “Blues for Elle” and “Far and Wide”
correspond, respectively, to 0.28 kHz and 0.24 kHz at 60 dB.*
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A higher growth rate was observed in microalgae exposed to the
higher frequency of “Blues for Elle.”

In the panorama of the application of sound, algae cover
only a small part that surely deserves to be further investigated.
The frequencies and the intensities useful for the promotion of
the growth and the productivity of the algae vary between the
different species, and those explored up to now are not suffi-
cient to give a complete idea of the possible combinations.

Sound application in other organisms

There are several studies that report the effectiveness in promoting
the growth of organisms exposed to sound stimuli of various
nature.

In plants, depending on the frequency or intensity of the
sound waves to which these organisms are exposed, it could
happen that they will go against both a promotion in growth
and a greater resistance to diseases and parasites.'**’

Plant Acoustic Frequency Technology (PAFT) was devel-
oped to increase crop productivity and quality through expo-
sure to sound waves. The PAFT technology aims to provide
exposure to sound waves in plants at specific frequencies in
accordance with the plant’s meridian system to increase crop
production and decrease use of fertilizers.'* There are a few
studies suggesting that plants might have a meridian system as
humans and other animals (that means internal frequency) and
that they can vibrate in response to specific external sound
frequencies enhancing quality and yield.*>*’

Table 2. Applications of sound on plants [modified from 15].

Recently, the effect of audible sound has been studied on the
germination and growth of the green bean, exposing it for 72 h
to a frequency ranging from 1 to 2.5 kHz and with variable
intensity (80/90/100 dB).”” The study found a decrease in
germination time and a significant increase in the growth of
buds exposed to frequencies of 2 kHz and intensity of 90 dB.

In another study, the green bean was grown in open-air cham-
bers under controlled environmental conditions. The beans have
been exposed to 5 different types of acoustic patterns (soprano,
classic, nature, rock, koranic acting) with 60 dB sound pressure
level and with a control chamber without sound exposure. In this
case the results indicate that different types of acoustic patterns
favored the growth of different parts of the beans, such as stem
length, number of leaves, and length of roots. The soprano had
a significant effect on the length of the stem, while the Koranic
recitation had an effect on the production of leaves.™

Recently, the effect of sound exposure on tomato plants
(Solanum lycopersicum) has been studied.”’ Tomato plants were
exposed to three different consecutive frequency values: 0.6 kHz in
the first week, 1.24 kHz in the second week and 1.6 kHz in the third
week of growth, with a volume of 90 dB. The total phenol content,
lycopene content and ascorbic acid of tomato plants exposed to
sound waves at different frequencies increased by 70%, 20%, and
14%, respectively. According to the results of all the parameters
measured in tomato fruits (lycopene, vitamin C, total sugars, total
acids, and total phenol levels), 1.6 kHz was the best frequency value
of sound waves.

Some other studies related to the application of sound on
the growth and productivity of plants are shown in Table 2.

Sound-
exposed Frequency
Plant species tissues (kHz) Intensity [dB) Duration Plant responses Reference
Arabidopsis Shoot 0,5 80 1h Increased expression of defense- Ghosh et al., 2016
related genes
Shoot 0,5 80 1h Increased expression of mechano- Ghosh et al., 2016
stimulus responsive genes
Shoot 0,25/0,5 80 1h Increased expression of Kwon et al., 2012
photosynthesis-related proteins and
genes
Shoot 0,5 80 1h Increased expression of redox Ghosh et al., 2016
homeostasis genes
Cotton Shoot 0,1/1 70 3h Increased yield Hassanien et al., 2014
Cucumber Shoot 0,11 70 3h Increased yield Hassanien et al., 2014
Chrysanthemum !1\/I2ture callus
95 1h Changes in Bochu et al., !
hormone 2004
levels
Stem 1 100 1h Increased Yi et al., 2003
levels of
soluble
proteins
Lettuce Shoot 0,1/1 70 3h Increased yield Hassanien et al., 2014
Maize Root 0,1/0,2/0,3 Unknown Unknown Root tip bending Gagliano et al.,, 2012
Pea Root Unknown Unknown Unknown Root growth toward flowing water Gagliano et al., 2017
Rice Shoot 0,125/0,25 65/70 4h Increased expression of light Jeong et al., 2008
responsive genes
Shoot 0,1/1 70 3h Increased yield Hassanien et al., 2014
Shoot 0,8/1 100 1h Enhanced tolerance to drought stress  Jeong et al., 2014
Shoot 0,8/1 100 1h Increased photosynthesis Jeong et al., 2014
Spinach Shoot 0,1/1 70 3h Increased yield Hassanien et al., 2014
Strawberry Shoot Unknown Unknown 3h Increased photosynthesis Qi et al,, 2010
Sweet pepper Shoot 0,1/1 70 3h Increased yield Hassanien et al., 2014
Tomato Shoot 0,1/1 70 3h Increased yield Hassanien et al.,, 2014
Fruit 1 100 6h Delayed ripening Kim et al., 2015
Wheat Shoot 0,1/1 70 3h Increased yield Hassanienet al., 2014




Hight and low-frequency sonic vibration can also affect
growth in yeast cells. In a study carried out by Aggio and
colleagues in 2012, differences in metabolic pathways of yeast
cells growing in liquid medium exposed to music have been
evaluated. The sound stimuli applied were at three different
frequencies and intensities: low frequency (100 Hz at 92 dB],
high frequency (10 kHz at 89 dB) and broadband (320 kbps at
80/90 dB) compared with silent controls with 90 dB back-
ground. The sonic stimuli increased the grown rate of the
yeast cells by 12% but they also reduced biomass production
by 14%. In this study, it was confirmed that the intra and
extracellular metabolite profiles differed significantly depend-
ing on the sonic stimulus applied showing that different meta-
bolic pathways are affected differently by different sound
frequencies.

The effect of sound waves was investigated in bacteria growth
as well. Three types of sound frequencies falling within the
audible range were applied in the E. Coli strain. The bacteria
strain was found to register better growth at a frequency below
1 kHz but was registered an extremely poor growth at a fre-
quency above 1 kHz under the influence of distinctive sound
frequencies.'

As it can be observed from the results presented so far, the
panorama of sound applications in organisms is very hetero-
geneous. Plants exposed to medium/low bands of frequency
and intensities result in increased growth rates, photosynthetic
rates, and increased pest resistance.!**7>2 Changes are also
evident at the cellular level in yeasts and bacteria, although in
some cases an increase in the growth rate is accompanied by an
impoverishment in the biomass content.®?

In general, these and other studies mean that the interest in
plant acoustic is shifting from “if” plant can sense sound to
“how” they can do it. Plants have been exposed to many
different (and amazing) kind of sounds, ie. from Vedic
Chants® to Mozart®* to artificial single buzz'*'*°>® to insect
recordings [i.e. 17, 18]. The results are always consistent: plants
produce secondary defense molecules when subjected to
pathogen-related sounds, or grow better with higher yields or
related parameters, or germinate earlier, etc. “Why is that” is
the new big challenge of the plant acoustic basic research field,
too often pushed into the background by the biotechnology
application in agriculture.

Conclusions

In the future it will be interesting to deep into the field of
acoustic with combined investigation of frequencies and inten-
sities, to understand the molecular/physiological responses
with the combination of sounds/algal strains tested so far and
different ones.

What is clear is that sound, even frequencies not audible
by humans, can affect other organisms, including plants
and algae. The first studies will be followed by an in-
depth knowledge of the ecological relevance of sound per-
ception and response, and it could happen that, in addition
to air pollution, light pollution, and many other forms of
human interference in Nature, we should also be careful
about noise pollution.
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